The article presents state of work in technology of free-space optical communications (Free Space Optics − FSO). Both commercially available optical data links and their further development are described. The main elements and operation limiting factors of FSO systems have been identified. Additionally, analyses of FSO/RF hybrid systems application are included. The main aspects of LasBITer project related to such hybrid technology for security and defence applications are presented.
Introduction
During last decades FSO systems became an important direction of optoelectronic technology applications. FSO is also known as fibreless photonics. To obtain a broadband communication channel, high frequency (HF) modulated light pulses are used to transmit data through the atmosphere. These systems have been installed in terrestrial systems, as well as in systems for data transmission between space-space, space-earth and marine objects ( Fig. 1) . Operating in the infrared radiation spectrum, the FSO can provide links with a very high data rate (tens of Gigabits per second) between various platforms offering ranges of several kilometres near the sea level or even over 100 km at high altitude. 
Free Space Optics
In general, an FSO link consists of an optical signal transmitter and a receiver. As shown in Fig. 2 , the transmitter is used to transmit data signals in free space by modulation of optical radiation. Its main elements are a radiation source, a laser modulator and optical devices. The laser modulator modulates the optical signal with an electrical one by varying e.g. the laser biasing current. The most popular optical device is a telescope. It is applied to direct optical radiation towards the receiver.
The optical signal is attenuated in the atmosphere by absorption, scattering, scintillation, propagation geometrics and other phenomena. In practice, the total radiation attenuation A(λ) caused by atmosphere can be calculated as:
Α(λ) = αfog(λ)+ αsnow(λ) + αrain(λ) + αscattering(λ), [dB/km], (1) where αx(λ) is attenuation caused by the mentioned weather conditions and λ is an operational wavelength.
The receiver usually consists of a telescope, an optical filter, a photodetector, a preamplifier (preamp), and a demodulator for proper retrieving the information signal. The telescope collects and focuses the optical radiation on the photodetector active area. The filter reduces the background radiation (e.g. solar illumination). The photodetector converts the photon energy into an electrical signal. It should provide a high responsivity at the wavelength of interest, a small value of noise, sufficient values of dynamic range and signal bandwidth. The most commonly used photodetectors are a pin photodiode and an avalanche photodiode (APD). The photodetector output signal is amplified by a special construction of preamp. During the last procedure, the amplified signal is analysed using the demodulator.
To determine performance of FSO link, many factors should be taken into account, e.g. the operation wavelength, the light source power, the beam divergence angle, the photodetector detectivity and the aperture diameters of applied optical devices.
The beam size at the receiver surface is dependent on the beam divergence and the transmission range. Typically, the beam divergence is used in a range from 1 mrad to 8 mrad, although in some special links the values from 6 µrad up to 180° are also applied [5, 6] .
The selection of a light source for FSO applications depends on various factors. The most important are: the radiation pulse power, modulation capabilities, lifetime, eye safety, beam size and divergence angle, physical dimensions, compatibility with other transmission media, price and purchase availability. The parameter values of some radiation sources applied in selected FSO systems are listed in Table 1 . Laser diodes (LDs) are typically used in current commercially available FSO systems. However, in some FSO constructions non-lasing sources such as light-emitting diodes (LEDs) or IR-emitting diodes (IREDs) are also applied. But − compared with LEDs − LDs are characterized by a higher output power, energy efficiency, modulation rate, and by a less diverged beam. Laser diodes called vertical emitting lasers (VCSELs) are high-speed radiation sources that ideally suit for high-speed (Gbps) data communication. These lasers are also characterized by very low threshold currents, non-stringent requirements for the modulation signal, and a good beam quality. They are relatively stable and therefore do not require power control using a photodiode monitor. The most common VCSELs are composed of GaAs/AlGaAs to emit light in a range of 750−980 nm.
Recently, quantum cascade lasers (QCLs) are used as infrared radiation sources (λ ∼ 3.5÷24 µm) basing on the unipolar lasing mechanism; QCLs have unique high-frequency characteristics with theoretical bandwidths above 100 GHz [12] .
In addition, there has been also developed a high-bandwidth underwater communication system using blue-green lasers. For example, the BlueComm modem family constructed by Sonardyne company provides data transmission rates exceeding 500 Mbps. A transmission rate of 1 Gbps at distances greater than 150 m was also reported [13] .
In practice, there are four common topologies of FSO networks: point-to-point, point-tomultipoint, mesh, and ring ones. However, these topologies can be combined. In the point-topoint arrangement, a transmission rate from 155 Mbps to 10 Gbps at a distance from 2 km to 4 km can be obtained. Such a link provides a dedicated connection with a higher bandwidth, but it is not cost-effectively. In comparison, the point-to-multipoint configuration is cheaper but offers a worse bandwidth (the same data rate at a distance from 1 km to 2 km). The mesh topology is able to transmit data with a rate of 622 Mbps at shorter distances from 200 m to 450 m. The ring topology is usually used in metropolitan networks. There are "backbones" represented by fibre or FSO high-speed rings [14] .
A roadmap of FSO technology is shown in Fig. 3 . It can be noticed that since 1990s there have been commercially available FSO systems with data rates of up to several tens of Mbps. Nowadays, this rate has been gradually increasing up to 10 Gbps. 
Atmospheric effects
The atmosphere interactions with optical radiation due some phenomena depend on its composition. Practically, the atmosphere consists of different molecular species and small particles like aerosols (fog, forest exudates, dust, sea-salt particles, soil particles, volcano debris, particulate, air pollutants, smog and smoke), ice particles, and water droplets. Thus, the atmosphere causes attenuation of optical signals by absorption, scattering, and scintillation. Nonetheless, atmospheric transmission windows are defined by the molecular absorption, that is a spectral selective phenomenon ( Fig. 4) [16] . In general, an atmospheric attenuation τ is described by Beer's law:
where: L is a distance between the transmitter and receiver; αabs and βscat are coefficients of atmosphere absorption and scattering, respectively. Absorption is caused by atmospheric molecules, the energy levels of which can be excited by incident photons. An absorption coefficient depends on the type, effective absorption crosssection σ ௦ and concentration ܰ ௦ of gas molecules. These parameters are related as follows [17] :
The scattering process causes propagation of the redirected radiation beam propagates in various directions different from the original one [2] . There are three main types of scattering: Rayleigh, Mie, and non-selective. The scattering type depends on the relationship between the size of scattering particles and the wavelength of propagated light. Rayleigh scattering is caused by particles with a size much smaller than the light wavelength. In this case, the scattering intensity decreases with the wavelength as ~λ −4 . When the particle size is comparable with or is as large as the radiation wavelength, Mie scattering is observed. Non-selective scattering occurs for particles' sizes greater than the beam wavelength. In this case, the Mie theory is approximated by the principles of reflection, refraction and diffraction. The scattering coefficient depends on the concentration Nscat and effective cross-section σscat parameter values of the particles and can be described by:
The total scattering coefficient is given by: where βm and βa denote Rayleigh (molecular) and Mie (aerosols) scattering.
The Rayleigh scattering coefficient is given by:
where: σ is a Rayleigh scattering cross-section; ܰ is a volumetric density of air molecules. The parameter σ depends on the index of refraction n, volumetric density of the molecules N, and the radiation wavelength:
Rayleigh scattering is significant in the ultraviolet and visible spectral ranges. Moreover, it is negligible in the infrared range. The Mie scattering coefficient is expressed by:
where: σ is a Mie scattering cross-section; and ܰ is a volumetric density of air particles. The value of coefficient βa can be estimated by visibility V with the expression 1 :
where: δ is a coefficient with a value between 0.7 and 1.6 corresponding to visibility conditions given in km; λ is a wavelength of propagating beam (µm) [19] . The fog particles float in the air for a longer time than rain droplets. Additionally, they are characterized by a size smaller than the radiation wavelength. Thus, the scattering due to rainfall (non-selective scattering) is less effective than to fog (Mie scattering). The rain scattering coefficient can be determined using the Stroke Law [20] :
where: r is a radius of raindrop (from 0.001 cm to 0.1 cm); Na is a distribution of rain drops, and Qscat is a scattering efficiency. Another important atmospheric factor that limits FSO data link capabilities is turbulence. Clear-air turbulence (CAT) is defined as chaotic streams and eddies of air masses during the absence of any clouds. Such air movements are described as turbulent ones, because air masses are moving at widely different speeds [21] . As a result of this phenomenon phase shifts of the propagated optical radiation are noticed. The distortions of front-wave can be observed as intensity changes referred as scintillation. Aerosols, moisture, temperature and pressure fluctuations produce variations of the air density and thus also its refractive index [3] . Air eddies can bend the optical path if their size is larger than the beam diameter ( Fig. 5 ). In the opposite situation, constructive and destructive interferences are created, resulting in temporal fluctuations of light intensity (spots) at the receiver surface.
For scintillation scaling, a refractive index structure parameter ‫ܥ‬ ଶ is introduced into calculations. A number of parametric models have been formulated to describe the ‫ܥ‬ ଶ profile. One of the most commonly used model is described by Hufnagel-Valley [23] :
where: h is an altitude in m; v is a wind speed at high altitude in m/s; A0 is a turbulence strength on the ground level; A0 = 1.7•10 −14 m −2/3 . In practice, this parameter depends also on the geographical location and time of day. There are three different turbulence effects: scintillation, beam wander and beam spreading. Scintillation is the most important for FSO links, causing intensity fluctuations at the receiver surface. The level of scintillation can be measured in terms of the irradiance variance given by:
The variance is linearly proportional to ‫ܥ‬ ଶ , nearly proportional to both 1/λ and the square of the link distance [24] . Therefore, systems of shorter wavelengths have a proportionally higher variance caused by scintillations. This effect increases with the data range and becomes more critical for small aperture photo-receivers [25] .
Beam wandering, as well as the scintillation index, is an important characteristic of radiation propagation. It determines requirements for tracking and pointing instruments of FSO system [26] . This effect is observed as a random movement of the focused beam on the photodetector surface. The beam wandering is also expressed in terms of local fluctuations of the irradiance intensity. It results in an increase of system bit error rate (BER) and, appropriately, the tracking error. Recently, many studies indicated that partly coherent beams are less affected by the turbulence than the fully coherent beams. So, the use of a partly coherent beam source reduces the radiation intensity fluctuation at the receiver [27] .
Beam spreading is related to the broadening of the beam size at the receiver surface beyond an expected pure diffraction limit. Fig. 6 shows the laser beam propagation through the turbulent atmosphere.
The additional laser beam spreading caused by turbulence grows with the increase of both refractive index structure parameter Cn and propagation length ( Fig. 7) . This spreading is expressed as:
while Γ is given by:
where: L is a distance from the source; ߱ ଶ (݈) is an initial beam waist at L = 0. The parameter ߪ ூ defined as a beam amplitude or irradiance equals:
In the latest FSO systems, some techniques are applied to mitigate such atmospheric effects as scintillation or beam wander. These techniques use e.g. adaptive optics (AO), diversity techniques, aperture averaging, and fast tracking antennas. Adaptive optics are designed to continuously measure and correct wave-front errors. Beam diversity can occur in some forms:
− spatial − requiring multiple transmitters and receivers; − temporal − requiring double transmitted signals, separated by a time delay; − wavelength − requiring at least two different wavelengths transmission of data.
Numerous methods for fine tracking and automatic acquisition have been developed. These methods include the use of quadrant-detectors, servo-motors, voice-coils, stepping-motors, mirrors, CCD arrays and MEMS [29] .
Practical performance of FSO systems is also limited by geometric losses. These losses occur when the light beam spreads to a size larger than the receiver's aperture. Geometric loss is expressed by a ratio of the receiver's aperture diameter DR and irradiated beam diameter DT. This ratio can be determined by the formula:
where θ − a beam divergence [mrad]. In general, a system is perfectly aligned when the centre of the Gaussian power distribution is at the optical axis of the receiver. 
BER, SNR and optical link budget
Taking into account atmospheric attenuation and geometric loss, a radiation power ܲ ோ registered by the receiver is given by [30] :
where: ܲ ் is a power emitted by the transmitter; τ is a total coefficient of atmospheric attenuation.
In digital transmission, the BER value is determined as a ratio of the number of bit errors and the total number of transmitted bits during a studied time interval [31] . For FSO communication, it can be described as [32] :
where: erfc is called a Gauss error function; R is a detector responsivity; and N is thermal noise of the receiver. The value of BER also depends on the modulation scheme. For FSO links with the on-off keying modulation, the BER performance is characterized by a signal to noise ratio (SNR) [33] :
Taking into account turbulence, the SNR is estimated [22] :
where I = ‫ܧ|‬ ଶ | is radiation irradiance. Summarizing, the received optical power can be calculated as [34] :
where: ߟ ் , ߟ ோ are losses that include imperfect optical components of both transmitter and receiver; ‫ܩ‬ ் = ሺπ‫ܦ‬ ் /ߣሻ ଶ is a gain of the transmitting aperture;
a pointing loss of the transmitter; ‫ܮ‬ ிௌ = ሺߣ/4π ‫ܮ‬ሻ ଶ is a free-space propagation loss; ‫ܩ‬ ோ = ሺπ‫ܦ‬ ோ /ߣሻ ଶ is a gain of the receiving aperture; ‫ܮ‬ ோ is a pointing loss of the receiver; ‫ܮ‬ is atmospheric attenuation at the operating wavelength; θjit is an optical beam jitter angle; and ߠ is an optical beam divergence as set by diffraction. It should be also noticed that the application of a high-sensitive photo-receiver in an FSO system with a large-aperture lens makes it possible to increase the influence of the background radiation on the data signal. Sometimes, direct sunlight may cause link outages for a period of time. In these circumstances, narrowing the photo-receiver FOV and using a narrow-bandwidth optical filter can improve the system performance.
Wavelength selection for FSO communications
The selection of a wavelength for the FSO data link is a very important issue. Nowadays, commercial FSO systems usually operate in the spectra of 780−850 nm and 1520−1600 nm. To determine a wavelength range, it should be taken into consideration the availability of the main FSO components defined by their transmission range, eye safety, modulation rate, costs, and so on. The eye safety is one of the most important restrictions to the optical power level emitted by an FSO transmitter. Lasers emitting radiation at a wavelength of 1550 nm or about 10000 nm can be used more safely than those with 850 nm and 780 nm. This is due to the fact that infrared Brought to you by | Politechnika Swietokrzyska -Kielce University of Technology Authenticated Download Date | 1/18/18 11:37 AM radiation with wavelengths above 1400 nm is absorbed by the transparent parts of the human eye before reaching the retina. That is why the maximum permissible exposure (MPE) for these wavelengths is higher than for shorter ones.
The International Electro-technical Commission (IEC) classifies lasers into four safety classes depending upon their beam power, wavelength and possible hazards [35] . Most of the FSO systems use Class 1 and Class 1M lasers. For example, an FSO system operating at a wavelength of 1500 nm can transmit a light beam with 50 times higher power comparing with a system working at a shorter wavelength range. It enables to propagate radiation over longer distances in the case of worse weather, and to support higher data rates [30] .
In the near-infrared spectrum (NIR, 780÷850 nm), reliable, inexpensive, high-performance optoelectronic devices, i.e. lasers and detectors, are readily available and commonly used in the FSO transmission equipment. Advanced VCSEL lasers and silicon photodiodes are used for operation at this wavelength. Si detectors typically have the maximum of their spectral responsivity near the value of 850 nm, making in conjunction with VCSELs very efficient tools. Silicon detectors are ideal for FSO systems operating at a very high bandwidth − 10 Gbps.
The short-wavelength-infrared spectrum (SWIR, 1520−1600 nm) is also well applicable for FSO links. High quality lasers and detectors are readily available. These wavelengths are also used in the fibre technology. As radiation sources, Fabry-Perot and Distributed-Feedback lasers (DFB) based on InGaAs/InP semiconductor technology are used. For construction of an FSO receiver, InGaAs detectors are usually applied. These detectors based on PIN or APD technology are optimized for operation at the wavelength of 1310 nm or 1550 nm providing a data rate of 10 Gbps.
The long-wavelength-infrared spectrum (LWIR) FSO systems are more challenging because of practical aspects. However, in this spectral range, there is observed a smaller impact of absorption and scattering on beam propagation through moderate fog comparing with that of other infrared ranges. Also, atmospheric turbulence is characterized by a smaller impact on transmission. Additionally, a smaller influence of solar radiation (29 dB) at a wavelength of 10 µm, comparing with the wavelength of 1550 nm is noticed [36, 37] . Recently developed quantum cascade lasers (QCL) are very attractive radiation sources operating in this spectral range. They are compact, high-power semiconductor lasers with the frequency characteristics of even 100 GHz bandwidth. This makes QCLs important tools for constructing communication systems. In the case of FSO receiver design, an MCT detector characterized by ultra-high detectivity and GHz signal bandwidth is applied.
Summarizing, there are three different optical radiation spectra employed in FSO systems. In their construction, different radiation sources and detectors are used. These optoelectronic elements are characterized by parameters dependent on wavelengths and data rates. That is why the analyses of FSO system design should take into consideration the impact of the operation spectra on the atmosphere transmission. For example, Fig. 8a shows the total attenuation versus low visibility at wavelengths of 780 nm, 850 nm and 1550 nm. These wavelengths correspond to the operation spectral ranges of commercially available FSO systems. The total attenuation at a wavelength of 1550 nm is lower than at others. Therefore, to reduce the beam attenuation during hazy days, the SWIR-FSO system should be used. It is observed that the radiation attenuation increases with the link range ( Fig. 8b) . For a radiation wavelength of 1550 nm, the growth speed is lower than for others.
The performed analyses show that the atmospheric attenuation depends also on the rainfall rate ( Fig. 9 ). However, rain has not so strong spectral influence, because raindrops have larger size compared with laser wavelengths causing minimal scattering of light beam.
Nowadays, the dynamic development of LWIR-FSO systems is observed. But these works are mainly performed at lab-experiment level. In Fig. 10 attenuation with that obtained for other ranges for different values of visibility is presented. It is shown that the LWIR range is characterized by better transmission in a wide range of visibility. There are only a few reports describing results of experimental verification of beam transmission at the wavelengths of interest. Fig. 11a shows transmission losses for four different wavelength links as a function of time. There was observed a significant decrease in transmission for three shorter wavelengths during the day time. In the same time, an increase of water vapour concentration was also registered. Similar experiments were performed for different oil vapour concentrations. In this situation, the LWIR radiation is also characterized by the lowest attenuation (Fig. 11b ). 
FSO/RF hybrid data link
Free Space Optics is sensitive to atmospheric conditions reducing visibility, e.g. precipitation, fog, haze, or scintillation. These factors may limit the data link range to a few km or several hundred metres. It is also known that RF links show good transmission in fog, but high attenuation in the presence of precipitations like rain and snow. This results in a better matching the RF wavelength to sizes of e.g. rain droplets. However, RF channels are also more susceptible to interference and jamming.
Combining these two technologies into one FSO/RF hybrid link may increase the data transfer availability and ensure higher security keeping a high speed of transmission. Such a hybrid construction can be classified into three categories: redundant systems, switch-over systems and load-balancing systems [40] . The redundant systems duplicate data and transmit them simultaneously over both the FSO and RF data links. In contrast, the switch-over systems transmit data using only one link. Usually, the FSO link is chosen as the primary link whereas the RF one operates as a backup. In practice, the RF link compensates the reduced bandwidth of FSO link during bad-weather conditions. The load-balancing systems distribute the data traffic between the FSO and RF links according to the connectivity quality, thus exploiting the full available bandwidth at each time.
The hybrid FSO/RF technology is especially dedicated to military communication systems, crisis management, intelligent transportation systems, and telemetry. In the military area, it can be used in transmission systems at Tactical Operations Centres, airborne networks, cross-links between satellites, as well as in different types of platforms: space-to-air, space-to ground and air-to-ground [41] . 
Free Space Optics technology at the Institute of Optoelectronics, MUT
In the Institute of Optoelectronics, the research related to laser communication systems started in 1990s. The first FSO system operating at a wavelength of 850 nm was developed in 1993 and provided a data transfer rate of 10 kbps. In 2004, there was constructed the second system with a transfer rate of 100 Mbps and an operation wavelength of 1.54 μm. The work on LWIR-FSO links was started in 2006. That link used QCL's laser system from Cascade Technologies. The receiver consisted of an off-axis mirror system from Janes Technology and a low-noise MCT detection module from VIGO System S.A. The main limiting factors of its data transmission rate were the modulation bandwidth and the duty cycle of generated pulses.
Thanks to the recent progress in semiconductor technology, QC lasers with a much higher power, repetition rate and duty cycle of pulses have been constructed. In 2009, it was decided to design the second model of LWIR FSO link. In that construction, a laser system of Alpes Lasers SA, a germane lens and optimized MCT detection modules from VIGO System S.A were used. To connect the optical link with the data network, a fully programmable RCM 4200 module operated by a Rabbit 4000 processor with a complete Ethernet interface was applied. The module worked as a buffer for receiving data frames from Ethernet network, performing data analysing and validation. Parameters of the two LWIR-FSO systems are listed in Table 2 . 
LasBITer Project of radio-optical data link
LasBITer is a hybrid data link design consisting of optical and radio communication channels (Fig. 12) . The FSO transmitter project consists of a compact laser head with a QC laser constructed at the Institute of Electron Technology, a laser driving unit, a temperature controller and a parabolic off-axis mirror optical device. Additionally, the device is equipped with a laser power monitoring system.
Project description
The FSO receiver is built of an optimized optical system and a detection module from VIGO System S.A. The optical system provides both high data rate and good conditions to start the FSO data link and to minimize the influence of turbulence on the link availability. The detection module is equipped with an MCT detector and a pulse power control unit.
The communication unit enables data transmission using the designed FSO system and a commercial RF. It also enables measuring a bit error rate in each of these channels. It is based on XILINX FPGAs technology. This application enables flexible changing of both data coding and configuration of forward error correction methods. In this unit, a control data stream is added to the useful information in order to monitor the link quality. A special controller of FSO data link is also developed to control the parameters of its keycomponents (power supplies, radiation power, operation temperature, etc.). The radio data link is based on commercial transmission modules operating at the military frequency of 1.4 GHz. Two modes of co-operation of FSO-LWIR and RF are designed. In the independent operation mode, the data link user decides which of the channels will be used for data transmission. It is also possible to distribute the data proportionally to the configured data rate, so-called load balancing, using the second mode of its operation.
Compared with some previously reported hybrid systems [42, 43] , the LasBITer data link design has a better data range, communication availability, and transfer data safety.
The goals should be obtained by the use of dedicated 8÷12 µm quantum cascade lasers and optimized MCT detection modules.
Quantum cascade lasers
The quantum cascade lasers are unipolar devices based on tunnelling and inter-sub-band transitions, in which the electronic states, wave functions and lifetimes of relevant states are engineered through the quantum mechanical confinement imposed by a complex multilayer structure. The second main feature of this type of lasers is the cascading scheme of carriers' route through the laser active region. That means that a single carrier is used more than one time for generating a photon carrier. For QCLs operation, an extremely precise tailoring of energy levels of quantum states, optical dipole matrix elements, tunnelling times and scattering rates of carriers is required. The physical basis of QCLs operation is fundamentally different from that of classical bipolar semiconductor lasers, in which the emission is due to the interband radiative recombination of pairs of carriers instead of inter-sub-band transitions which lead to lasing in QCLs [44] .
At this moment, a wavelength range of QCL radiation spans from ~3.5 µm up to ~250 µm. So it generally covers a very wide infrared spectrum, from mid-IR up to far-IR. In comparison with the performance of bipolar lasers, this one provides about two orders of magnitude increase of the wavelength range available for semiconductor lasers, towards the longer wavelengths. The huge spectral flexibility of the emission is a result of the application of the intra-band generation mechanism.
For the purpose of LasBITer data link project, the lattice matched (~9.2÷9.4 µm) Al0.48In0.52As/In0.53Ga0.47As/InP QCLs technology has been selected [45, 46] . The laser structures consisted of 30-segments. The active region of the lasers was of a 4-well 2-phonon resonance design. The layer sequence of one period of the structure, in nanometres, starting from the injection barrier is: 4.0, 1.9, 0.7, 5.8, 0.9, 5.7, 0.9, 5.0, 2.2, 3.4, 1.4, 3.3, 1.3, 3.2, 1.5, 3.1, 1.9, 3.0, 2.3, 2.9, 2.5, 2.9 nm. The AlInAs layers are printed in bold. The total thickness of one period is 59.8 nm. The underlined layers are n doped to 2.0 × 10 11 cm −2 . The conduction band profile and squared wave-functions of moduli in the injector/active/injector segment of the Al0.48In0.52As/In0.53Ga0.47As/InP laser under the applied field of 50 kV/cm are shown in Fig. 13 The electronic band structure of QCL has been calculated by solving the Schrödinger equation with position-dependent effective mass. The active region of the laser is embedded in the waveguide formed from the lower side by a low-doped InP substrate and from the upper side by a 2.5 µm AlInAs layer. The layer structure of AlInAs/InGaAs/InP laser is shown in Table 3 . The whole laser structure was grown by MBE. The lasers work at up to 340 K (~60ºC), emitting tens of mW of pulse power. At 20ºC the optical power per uncoated facet is of the order of 0.6 W. The slope efficiency is up to 1 W/A at room temperature; the wall plug efficiency is ~4%. The room-temperature light-current and current-voltage characteristics of the laser emitted at 9.2 µm are shown in Fig. 14. The laser parameters can be further improved by optimizing the waveguide design, i.e., by employing a symmetric InP waveguide. In this case, a conductive substrate can be used to grow the lower waveguide by MOVPE, then the active region is grown by MBE, and finally the upper waveguide is completed by MOVPE. That complicates technology, however a clear advantage, despite the increase of confinement factor, is the suppression of the free carrier absorption in the lower waveguide and consequent lowering of the threshold current. The parameters of developed devices are summarized in Table 4 .
The lasers with a symmetric InP waveguide, due to a lower threshold current, should enable obtaining higher output powers which is advantageous in optical communication systems. Additionally, when processed into a buried active region type device, they can be CW-operated. 
MCT detection modules
VIGO System S.A. produces unique infrared detection modules ( Fig. 15 ) that integrate in common packages infrared photodetectors, Peltier coolers, signal processing electronics, heat dissipation systems and other components [47] . The integration makes the detectors less vulnerable to electromagnetic interferences, over-bias, electrostatic discharges, and other environmental exposures. Additional advantages of the integration are: improved HF performance, standardization of the output signal, miniaturization and cost reduction. The photodetector submodule ( Fig. 16 ) consists of an optically immersed LWIR (~10 µm) hetero-structure photodiode, a 4-stage Peltier cooler and a temperature sensor housed in a hermetically sealed TO-8-based package, designed for detector operation at a temperature of approx. 200 K. The package is evacuated and then backfilled with a krypton/xenon mixture. It is supplied in optically transparent windows, absorbers of residual active gases (H2O, O2 and CO2), convection and cold shields. The photodiode construction is based on a modified HgCdTe PIN hetero-structure, grown by Metal Organic Vapor Phase Epitaxy [48−51] . Its architecture has been optimized by numerical simulation using a commercially available APSYS software package. The photodiode design is aimed to achieve fast and efficient collection of charge carriers, a low electric capacitance (of both depletion and diffusion layers) and a low series resistance [52] .
The use of monolithic optical immersion of active elements in a high refraction index hyperhemispherical lens results in a dramatic improvement of performance compared with the nonimmersed device of the same optical size, namely a decrease of electric capacitance and dark current by two orders of magnitude [53] . In addition, the use of the double pass of radiation for enhanced absorption makes possible the reduction of the absorber thickness keeping unchanged the quantum efficiency.
A measured current-voltage plot of the photodiode (Fig. 17) shows three different bias ranges. The dark current initially increases with the reverse bias voltage, saturating in a range from −60 mV to −100 mV and then increases at higher voltages. A more close analysis reveals the diffusion nature of the dark current at low bias with a significant influence of series resistance at weak reverse bias. The dark current in the saturation range is mostly due to the Auger 7 and Shockley-Read-Hall thermal generation. The increase of dark current at a biasing voltage higher than −200 mV is due to the tunnel current, reduced to some degree by the series resistance. Figure 18 shows a block diagram of the module electronic circuitry. The electronic circuitry provides optimized conditions for the photodiode operation − a constant voltage bias and a readout of current mode. The first stage is a DC-coupled trans-impedance preamplifier of a low input resistance, based on OPA 847 opamp, characterized by a low input noise voltage (0.85 nV/Hz 1/2 ) and a moderate input noise current (2.5 pA/Hz 1/2 ). The second stage is a ~20 dB AC-coupled voltage preamplifier with a 50 Ω output resistance, rejecting the DC phodiode signal component. A Peltier cooler driver has been used to keep temperature constant with accuracy better than 0.1ºC, at ambient temperatures of up to 50ºC. The heat generated inside the module by the Peltier cooler and the signal processing circuitry is dissipated with miniaturized fans.
Spectral responses of the detection modules have been measured using blackbody calibrated Fourier Transform Spectrophotometers. The module output noise voltage was determined with a signal analyser. Spectral detectivity was calculated as the signal-to-noise ratio, normalized to 1 cm 2 detector optical area and 1 Hz bandwidth (Fig. 19) . The observed increase of detectivity with bias is mostly due to the elimination of recombination noise of the photodiode and the increased ratio of the series-to-parallel diode resistances, resulting in a significant increase of the current responsivity. It should be noted, that detectivity decreases at low (<~ 100 kHz) frequencies due to 1/f noise of the biased photodiodes. In contrast, the unbiased photodiodes are practically 1/f noise-free, similarly to other optical detectors [54] . Fig. 19 . The spectral detectivities of the photodiodes operating at zero and 200 mV bias measured for the detection module and for the photodiode itself (with subtracted preamplifier noise).
Brought to you by | Politechnika Swietokrzyska -Kielce University of Technology Authenticated Download Date | 1/18/18 11:37 AM A frequency response of the modules was measured using an optical parameter oscillator generating ~25 ps pulses of 10 µm infrared radiation. A signal decay time constant was measured by an 8 GHz bandwidth oscilloscope. Table 5 shows basic parameters of the two modules, with unbiased and 0.2 V biased ~10 µm photodiodes, respectively. Basing on the measurement data it can be seen that the reverse biased modules could achieve detectivity smaller by a factor ~2 than the fundamental 300 K BLIP limit of performance (FOV = 180º). At present, intensive research is under way on miniaturized modules for >1 GHz bandwidth with detector and electronic blocks hermetically sealed in miniaturized packages (Fig. 20) . 
Summary
The described analysis presents a high potential of FSO technology in the development of wireless mobile communication systems. The properties of FSO systems can be defined by both transmitter and receiver parameters. However, the greatest limitation of these systems is directly determined by the influence of the atmosphere. In this case, minimizing this negative effect mainly depends on the wavelength range of FSO link operation. The research performed so far has shown that a very promising solution may be the use of transceivers operating in the LWIR spectrum. This spectrum corresponds to the atmospheric transmission window while Brought to you by | Politechnika Swietokrzyska -Kielce University of Technology Authenticated Download Date | 1/18/18 11:37 AM being less affected by scattering and scintillation in comparison with existing NIR-or SWIR-FSO systems.
To further increase the availability of wireless communications, so-called hybrid links can be used. These constructions use both optical and radio communication channels. The preliminary research on this type of devices is currently underway. These studies are also the primary task of the described LasBITer project. In this project, a unique combination of freespace optical and radio links is used. The essential elements of the FSO link are quantum cascade lasers and MCT integrated detection modules. These lasers can be potentially used in other applications as well (e.g. Raman spectroscopy at different excitation wavelengths for advance chemical compounds detection [55] ). The described processes of these devices' design have resulted in obtaining the optimal time-energy parameters of generated pulses, as well as the ability to detect ultra-low power LWIR radiation pulses .
